This study presents results from continuous measurements of stem CO 2 efflux carried out for seven experimental seasons (from May to October) in a young Norway spruce forest. The objectives of the study were to determine variability in the response of stem CO 2 efflux to stem temperature over the season and to observe differences in the calculated relationship between stem temperature and CO 2 efflux based on full growing season data or on data divided into periods according to stem growth rate. Temperature sensitivity of stem CO 2 efflux (Q 10 ) calculated for the established periods ranged between 1.61 and 3.46 and varied over the season, with the lowest values occurring in July and August. Q 10 calculated using data from the full growing seasons ranged between 2.30 and 2.94 and was often significantly higher than Q 10 calculated for the individual periods. Temperature-normalized stem CO 2 efflux (R 10 ) determined using Q 10 from growing season data was overestimated when the temperature was below 10°C and underestimated when the temperature was above 10°C, compared with R 10 calculated using Q 10 established for the individual periods. The differences in daily mean R 10 calculated by these two approaches ranged between −0.9 and 0.2 μmol CO 2 m −2 s −1
Introduction
Stem respiration is an important component of an ecosystem carbon budget. It usually accounts for~7-25% of total ecosystem respiration in mature forest ecosystems (Bolstad et al. 2004 , Zha et al. 2004 , Acosta et al. 2008 , Tang et al. 2008 , Khomik et al. 2010 . This contribution to total ecosystem respiration can vary both over the year (Khomik et al. 2010 ) and inter-annually (Bolstad et al. 2004 , Zha et al. 2007 , depending upon the amount and respiration activity of stem biomass, environmental conditions and respiration activity of such other ecosystem components as soil or leaves.
Stem respiration takes place within living cells in the inner bark, cambium and xylem . It provides energy for such maintenance processes of the existing cells as, for example, turnover of proteins, nutrient uptake and ion fluxes (and thus is termed maintenance respiration; Penning de Vries 1975 , Amthor 1989 . During cambial reactivation and stem growth, the tree has extra respiratory requirements from activated dividing cells and their consequent differentiation (termed growth respiration ; Ryan 1990 , Amthor 2000 , Gruber et al. 2009 .
A widely used method for determining stem respiration rate is to measure CO 2 efflux from the stem surface (E A ). E A does not fully represent the respiration activity of living stem tissues. For example, resistance to radial CO 2 diffusion (Steppe et al. 2007 ), CO 2 transport through the xylem McGuire 2005, Bloemen et al. 2014 ) and changes in sap flow velocity (Negisi 1978 , Lavigne 1987 may affect E A even though they do not affect respiration. Other studies have shown that CO 2 efflux through bark into the atmosphere can be reduced by bark photosynthesis through refixation of CO 2 (Sprugel and Benecke 1991) .
Several studies have focused on stem CO 2 concentration and CO 2 fluxes within stem. Studies by McGuire and Teskey (2004) and Teskey and McGuire (2007) quantified that stem CO 2 efflux accounted for roughly between 45% and 83% of stem respiration over 24 h in three tree species. On the other hand, Saveyn et al. (2008) , Tarvainen et al. (2014) and Ubierna et al. (2009) found that stem CO 2 efflux represented more than 82% of the total flux of respired CO 2 , thus resulting in a generally close correspondence between stem respiration and E A . A study done previously at our site (Buzkova et al. 2015) showed an inconsistent effect of sap flow on stem CO 2 efflux and confirmed temperature to be by far the dominant factor driving E A .
The E A varies temporally from the diurnal to inter-annual scale. Both diurnal and seasonal variations are commonly attributed to temperature dynamics (Stockfors 2000 , Zha et al. 2004 . Moreover, E A is enhanced substantially by the occurrence of growth respiration during stem growth, when it even can exceed the maintenance respiration (Lavigne et al. 2004 ). In the seasonal dynamics of E A , low points caused by drought also can be observed (Rodriguez-Calcerrada et al. 2014) . Furthermore, Etzold et al. (2013) pointed out that stem CO 2 concentration, which affects E A (Teskey and McGuire 2005) , exhibits strong seasonality, more than 80% of which variability could be explained by stem and soil temperatures. Those authors stated that both processes of CO 2 equilibrium between water and air and physiological effects, including sap flow and local respiration, contribute concurrently to these temporal variations in stem CO 2 concentration.
Stem CO 2 efflux and its temperature sensitivity (Q 10 ) have been analysed mostly using two measurement approaches: 1-or 2-day campaigns carried out from one to four times per month (Stockfors and Linder 1998, Acosta et al. 2008) or continuous measurements for several months or years (Ceschia et al. 2002 , Tarvainen et al. 2014 ). Stockfors and Linder (1998) calculated Q 10 for each short campaign, while Acosta et al. (2008) gathered data from all campaigns in each month together to have a wider temperature range. Tarvainen et al. (2014) determined Q 10 for each week, while Ceschia et al. (2002) studied whether Q 10 differed between 1-, 3-and 7-day data sets.
Relationships between measured E A rate and stem temperature are used to model stem CO 2 efflux over longer time intervals (e.g., Bolstad et al. 2004 , Acosta et al. 2008 , Holtta and Kolari 2009 . Some previous studies have observed seasonality in stem Q 10 (Stockfors and Linder 1998 , Maier 2001 , Zha et al. 2004 ), but some others have not (Ceschia et al. 2002 , Tarvainen et al. 2014 . Therefore, timing and the length of the period during which E A is measured in order to determine its temperature sensitivity should be carefully considered if accurate results and parameters for models are to be achieved. Moreover, because of high temporal E A dynamics, long-term studies based on continuous measurements could contribute substantially to improving the quality of the analyses.
We believe that increased respiratory demands during stem growth may bias the relationship between E A and temperature.
Therefore, we present here results from continuous measurements of stem CO 2 efflux carried out for seven experimental seasons (from May to October) in a young Norway spruce forest. The first aim of the study was to determine the seasonal variability of the response of E A to stem temperature (Q 10 ). For this purpose, we divided the experimental seasons into shorter periods on the basis of stem growth rate, which also drives the temporal dynamics of E A . The second aim was to determine differences in Q 10 estimated for the different periods and for the full growing season. Data from the last period (corresponding with October) were excluded from the analysis for the entire growing season, because this period was considered as a post-growing period inasmuch as no stem growth was detected during this time. This is also in accordance with other studies (Lavigne et al. 1996 , Yang et al. 2012 ) determining Q 10 separately for growing and post-growing seasons. Finally, the third aim was to quantify divergences of E A modelled on the basis of parameters obtained using these different approaches.
Materials and methods

Study site
The experimental Norway spruce (Picea abies (L.) Karst) forest stand is situated at the Experimental Ecological Study Site at Bílý Kříž (49°30′ N, 18°32′ E, 875 m above sea level) located within the Moravian-Silesian Beskydy Mountains in the Czech Republic. The 6 ha forest stand was planted in 1981, using 4-year-old seedlings on a 12.5°slope with a south-south-west exposure. The main characteristics of the forest stand over the experimental period are summarized in Table 1 . Reduction in tree density and leaf area index in 2006 and 2012 resulted from fallen trees during preceding winters. The site is characterized by mean annual temperature of 6.8°C and mean annual total precipitation of 1280 mm. The soil is a predominantly Haplic Podzol (FAO soil classification system).
Stem diameter increment
The increment of stem diameter at breast height (DBH; cm) was monitored during the full growing seasons, using dendrometer bands (accuracy of 0.01 cm) on 15 sample trees within the stand representing different social positions (i.e., dominant, co-dominant and sub-dominant trees). The changes in DBH were detected in a frequency of once per 10-14 days (with higher frequency in the first half of the growing season). Mean DBH increment from these 15 trees was calculated for each investigated year.
To describe the seasonal course of the cumulative stem increment, the measured data were fitted by a four-parameter sigmoid function:
where DOY is day of year. Subsequently, the stem cumulative increment on each day was expressed as a percentage of the Tree Physiology Volume 38, 2018 total annual increment of the corresponding year. One representative (averaged) function for the relative DBH increment was parametrized throughout all relative annual increments from all 9 years. The parameters of that function (Eq. (1)) were as follows: y 0 = −5.8, x 0 = 176.4, a = 106.2, b = 17.9 (Figure 1 ). The function was derived for better visualization of the stem growth dynamics. The derived values began increasing in May, reached an inflection point of 1.48 on 26 June, and then decreased to zero in October (Figure 1 ). All the growing seasons were then divided into seven periods (pI-pVII) on the basis of these derived intervals (see Table 2 ).
Stem CO 2 efflux
Eight experimental trees were selected within an area of 30 m 2 in the forest. Stem diameter at breast height of the experimental trees ranged between 12 and 21 cm in 2005 and between 13 and 25 cm in 2013. On these, CO 2 efflux from the stem surface (E A ) was measured using the automated, closed dynamic (nonsteady-state, through-flow) SAMTOC system (Pavelka et al. 2004) . The system consisted of eight chambers and control units for chamber closing, an infrared gas analyser (Li-840, LI-COR, Lincoln, NE, USA), and a personal computer with control software and additional analogue input and digital output hardware. The chambers ( Figure 2 ) consisted of a frame and a chamber head. The frames were of a rectangular shape with inner dimensions 5.5 × 11 cm and made of duralumin. They were affixed to the tree trunk by belts at breast height from the northern side (due to the sun exposure of the forest stand and to avoid direct sun radiation on the chamber) and provided with neoprene sealing from both sides, adjacent to the tree trunk and to the chamber. The chamber heads were made of stainless steel and had a halfcylinder shape with 12 cm height and 6.5 cm diameter. They were attached to an arm affixed to the tree trunk by two belts above the frames and which enabled closing the chamber head over the frame using a pneumatic piston and compressed air. E A was measured sequentially in all eight chambers and measurements were taken every 2 h from each position. Each chamber was closed for~6 min. During the first 60 s, the air from the chamber reached the analyser and the concentration of CO 2 began to increase. After this period, CO 2 concentration increase became linear and through the following 300 s in 10s intervals 30 CO 2 concentration values were obtained. A linear approach was used to calculate stem CO 2 efflux according to the equation:
where P is air pressure (Pa), V is the volume of the system (m 2 ), c 1 and c 2 are the consecutive CO 2 concentrations (mol mol
), R is the molar gas constant, T is sample air temperature (K), S is stem surface area within the frame (m 2 ) and t is time of the interval (10 s). Mean value and SD of E A were calculated for each 300 s measurement. The years 2009 and 2012 were excluded from analyses of stem CO 2 efflux because a large amount of data was missing due to a malfunction of the measurement system.
The value Q 10 (the proportional change in E A associated with a 10°C increase in temperature) was calculated separately for each tree for both the individual periods characterized in Table 2 (Q 10p ) and the growing season (periods pI-pVI) as a whole (Q 10s ). The following calculation procedure was applied. Stem CO 2 efflux (E A ) Table 2 .
Tree Physiology Online at http://www.treephys.oxfordjournals.org was plotted against stem temperature (T st ) and this was fit by an exponential regression curve using the regression equation:
where α and β are the regression coefficients representing temperature sensitivity and base efflux rate, respectively.
where α is the regression coefficient obtained from the previous Eq. (3). Mean Q 10 from eight investigated trees was calculated for each experimental period and growing season (pI-pVI) as a whole in each year. Measured stem CO 2 efflux was normalized for the temperature of 10°C (R 10 ) according to the equation:
A 10 st 10 10
The calculation was made for each tree separately with Q 10p and Q 10s (R 10p and R 10s , respectively).
To obtain overall parameters of the exponential relationship between E A and T st , we plotted data from all studied years together for the individual periods and for the full experimental seasons. Q 10 and R 10 parameters obtained were used to model stem CO 2 efflux (E m ) according to stem temperature (T st ) using the following equation:
T m 10 10 10 st 10
The residuals of E A from E m were further analysed.
Statistical analyses
Repeated measures ANOVA was used to test differences in mean Q 10 among individual months. A t-test with Bonferroni correction was used to test differences in Q 10 between data for individual periods (Q 10p ) and the whole season (pI-pVI) corresponding with stem growth (Q 10s ).
Additional measurements
Stem temperature was measured continuously at the same time as stem CO 2 efflux using thermometers (PT 100, Sensit, Czech Republic, Roznov pod Radhostem) permanently installed~5 cm below the chambers in the cambium layer. Precipitation was continuously measured using a rain gauge (MetOne 386, Met One Instruments, Inc., Grants Pass, OR, USA) placed above the stand.
Results
Micrometeorological conditions
The mean seasonal (May-October) stem temperature (T st ) ranged between 11.6 and 13.5°C for all monitored years (Table 1) . The highest temperatures were recorded in July (Figures 3 and 4) . Table 2 . Dividing the experimental seasons (2005-13) on the base of derivations of the sigmoidal function into different time periods reflecting the annual relative stem growth increment dynamic (see Figure 1) . Figure 2 . Chamber for automated measurements of stem CO 2 efflux. aframe, b -chamber's head, c -arm that enables closing of the chamber's head to the frame.
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The total seasonal precipitation exceeded 580 mm in all investigated years. The lowest precipitation amount (586 mm) occurred in 2013. The highest precipitation occurred in 2010, reaching almost 1200 mm (Table 1 ). This was caused by extreme rainfalls and a large number of rainy days in May (Figure 3 ).
Temperature sensitivity of stem CO 2 efflux Stem CO 2 efflux (E A ) ranged between 0.5 and 4.5 μmol m −2 s −1 . Maxima occurred in June and July and temporal fluctuation followed the courses of stem temperature (Figures 3 and 4) . The temperature dependence of E A was consistent with an exponential Figure 3 . Daily precipitation sums, daily mean stem temperature, stem CO 2 efflux and stem CO 2 efflux normalized for temperature of 10°C (R 10 ) calculated using Q 10 values for the individual periods characterized in Table 2 .
Tree Physiology Online at http://www.treephys.oxfordjournals.org increase with rising temperature (Figure 5 , demonstration of one season's measurements) and R 2 ranged mostly between 0.7 and 0.9. Q 10 of the individual periods (Q 10p ) ranged between 1.61 and 3.46 and varied over the season, with the lowest values occurring during pIV and pV, which corresponds to July and August ( Figure 6 ). On the contrary, the highest Q 10 was observed during the post-growing period pVII. However, statistically significant differences at probability level α = 0.05 were found only between pIV and pVII and between pV and pVII. Mean Q 10 values were fit with the quadratic function y = 0.05x
(where x is the number of the period) with R 2 = 0.83 and P-value of the regression equal to 0.027 ( Figure 6 ). . Daily precipitation sums, daily mean stem temperature, stem CO 2 efflux and stem CO 2 efflux normalized for temperature of 10°C (R 10 ) calculated using Q 10 values for the individual periods characterized in Table 2 .
Q 10 calculated for the full growing season (Q 10s , for the period pI-pVI) ranged between 2.30 and 2.94 and with a mean of 2.66. This value was significantly higher (P < 0.01) than that for Q 10 calculated separately for periods pII, pIV and pV ( Figure 6 ).
Normalized stem CO 2 efflux (R 10 )
Higher Q 10s compared with Q 10p resulted in differences in calculated R 10 for the growing season period pI-pVI (R 10s and R 10p , respectively). The differences between R 10p and R 10s ranged between −0.9 and 0.2 μmol CO 2 m −2 s −1 (Figure 7 ), which corresponds to 44% underestimation and 20% overestimation of R 10s compared with R 10p . Because R 10 is connected to 10°C, the lowest differences were found for this temperature. Below 10°C, R 10s exceeded R 10p ; above 10°C, R 10s was lower compared with R 10p . The magnitude of the differences increased with the deviation from 10°C. Therefore, R 10s was underestimated compared to R 10p during most of the experimental season, as stem temperature mainly exceeded the 10°C threshold.
Modelling stem CO 2 efflux
Stem CO 2 efflux was modelled (E m ) using T st and parameters R 10 and Q 10 determined from data of all years (Table 3) . When we plotted stem CO 2 efflux modelled using parameters calculated from the whole-growing-season data (E ms ) against measured E A , the linear regression produced R 2 = 0.70 ( Figure 8A ).
The residuals of E ms from E A show that the model overestimated CO 2 efflux during periods pI and pII, while it underestimated that efflux from pIII to pV, which corresponds to the period from midJune until August ( Figure 9A ). Calculating E A on the basis of the relationships in individual periods (E mp ) increased the accuracy to R 2 = 0.85 ( Figure 8B ).
The mean residuals of the measured E A from the modelled E mp fluctuated around zero, with the narrowest ranges of values occurring in pI, and the widest ranges in pIV and pV ( Figure 9B ).
Discussion
E A in this study was calculated for stem surface area. There are also studies working with E A based on stem volume (Lavigne et al. 1996 , Maier 2001 , Kim et al. 2007 ). Ryan (1990) and Sprugel (1990) have argued that sapwood volume is a better index for the amount of living tissue in chambers and ecosystems than is stem A B Figure 5 . Relationship between stem temperature and stem CO 2 efflux for the period May-October 2011. (A) Data sorted into individual periods (pI-pVII) according to Table 2 ; (B) exponential fit of the relationships separately for each period and for the period pI-pVI as a whole, which corresponds with stem growth. Figure 6 . Mean Q 10 values for the individual periods pI-pVII specified in Table 2 (bars) vs mean Q 10 calculated for the period pI-pVI as a whole, which corresponds with stem growth (solid line). Error bars and dashed lines represent standard deviation of the mean. Dash-dot line is the fit of the Q 10 calculated for the periods pI-pVII characterized by the equation y = 0.05x 2 -0.36x + 2.77 (R 2 = 0.83). Asterisks indicate statistically significant differences between Q 10 of the individual periods and the period pI-pVI as a whole.
Tree Physiology Online at http://www.treephys.oxfordjournals.org surface area. Stockfors and Linder (1998) , on the other hand, concluded based upon their study that the best basis for expressing rates of E A in young Norway spruce trees is stem surface area. They explained that this is because most of the living cells were found in the phloem, and the living xylem cells were concentrated in the outer growth rings.
E A is not equivalent to the respiration of the living cells at the measurement position. CO 2 produced in a studied segment partly diffuses through the stem bark into the atmosphere, and partly is dissolved in the sap, transported up along the stem and released to the atmosphere from upper stem parts. The amount of transported CO 2 can be diurnally and seasonally variable and depends on a complex of factors, including sap velocity, temperature and pH, as well as anatomical barriers to diffusion (Maier and Clinton 2006 , Salomon et al. 2016b ). Moreover, a part of measured CO 2 released from the stem is originated and transported from the lower parts of the stem or even roots , Maier et al. 2010 , Bloemen et al. 2014 . On the contrary, Tarvainen et al. (2014) questioned the effect of sap flow on E A , and Ubierna et al. (2009) found no detectable effect of sap flow or CO 2 transport from roots in large mature conifers.
E A in this study was measured at breast height, which does not represent the whole tree as E A varies within the tree stem. Generally, stem CO 2 efflux has been observed to increase with stem height (Ceschia et al. 2002 , Wang et al. 2003 , Holtta and Kolari 2009 , Tarvainen et al. 2014 . Ceschia et al. (2002) stated that increasing temperature with height is the main factor influencing the corresponding stem CO 2 efflux vertical variation. Moreover, CO 2 accumulates in the xylem sap on its way up (Holtta and Kolari 2009) , thereby causing an increase in CO 2 concentration within the stem, as observed by, for example, Salomon et al. (2016a) . According to Rayment et al. (2002) and Wieser and Bahn (2004) , higher CO 2 concentration in upper parts is connected with the high metabolic activity of the branches. This higher CO 2 concentration in the upper parts of Figure 7 . Difference between R 10p (determined using Q 10 calculated separately for each period characterized in Table 2 ) and R 10s (determined using Q 10 calculated from all seasonal data) in relationship to stem temperature. Symbols represent daily means. The dashed line is a fit of all data together. Table 3 . Parameters R 10 , Q 10 and R 2 derived from the exponential relationships between stem CO 2 efflux and stem temperature based on data from the individual periods characterized in Table 2 and from whole growing seasons (pI-pVI). Figure 8 . Relationship between modelled vs measured stem CO 2 efflux (E A ). (A) Stem CO 2 efflux modelled on the basis of parameters obtained from whole-growing-season data set (E ms ); (B) stem CO 2 efflux modelled based upon the parameters obtained separately for individuals periods characterized in Figure 1 (E mp ).
the stem accelerates the rate of CO 2 diffusion from stem into the atmosphere . The diffusion in the upper parts also can be facilitated by thinner bark, which functions as a barrier for CO 2 diffusion from stem to atmosphere . Then, too, differences connected to the variation in temperature with the orientation of the measurement point should not be neglected. For example, Stockfors (2000) and Kim and Nakane (2005) described stem temperature profiles with highest values from the sunny side (east and south). All these aspects must be considered when scaling up E A measurements from positions of the same height and orientation. Stockfors (2000) found, for example, that scaling up E A from breast height to the whole tree can produce errors constituting as much as~58% of total annual E A . Although E A measured in this study cannot be used for upscaling for the whole stand, we assume that the patterns of temperature sensitivity described in the result are comparative along the tree stems. The strong dependence of stem CO 2 efflux on stem temperature (R 2 > 0.7) found in our study is in accordance with previous studies (Zha et al. 2007 , Holtta and Kolari 2009 , Rodriguez-Calcerrada et al. 2014 . Such a high R 2 may lead to the conclusions that temperature was the main driver in the seasonal dynamics of E A and that dependence was not much disturbed by other factors. The following discussion will show, however, that, although temperature and E A are tightly coupled, the shape of this relationship varies through the growing season; therefore, temperature is not the only driver of respiratory physiology despite the goodness of fit in the regression. The relationship between temperature and E A of the young spruce trees was characterized by Q 10 ranging between 1.61 and 3.46, depending on the period in which measurements were taken. These results were mostly within the range between 1.5 and 3.0 found in other studies for different species (Stockfors and Linder 1998 , Kim et al. 2007 , Zha et al. 2007 , Acosta et al. 2008 , Rodriguez-Calcerrada et al. 2014 ). Q 10 below 1.5 is rare, but it was found, for example, by Ceschia et al. (2002) for young beech trees. On the other hand, Brito et al. (2010) measured Q 10 between 3.0 and 4.4 for Pinus trees during a warm and dry period, while Q 10 was around 2.0 during a cold and wet period. We observed Q 10 even to exceed 3.0 in one case during the postgrowing season in 2007. The temperature sensitivity estimation was affected by the length of the data set. Generally, Q 10 was higher when calculating Q 10 from the data from the full growing season compared with Q 10 calculated for shorter periods determined according to stem growth rate (Figure 6 ). Higher Q 10 , however, does not necessarily imply higher temperature sensitivity of E A . During warmer months, CO 2 efflux was higher for a given temperature relative to cooler months ( Figure 5A ). This was because of enhanced stem respiration during stem growth, which is characterized by an increase in energy demand and consumption (Lavigne et al. 2004) , and this period also corresponds with warmer months. The enhanced E A caused by the synergy of high temperature and growth during warm months results in greater curvature in the exponential fit of the E A -temperature regression ( Figure 5B ) and, therefore, a higher Q 10 value calculated for such a long period.
An open question relates to the appropriate period length for Q 10 calculation. Long periods may influence the calculations by covering different phenological stages (especially regarding stem growth). For example, Harris et al. (2008) used one Q 10 value from 2-day measurement for modelling annual woody stem respiration. Such an approach suppresses any possible temporal E A variation in relation to temperature. A better approach is to, at least, separate growing and post-growing periods, as done for example by Yang et al. (2012) . This, however, might still be insufficient. Ceschia et al. (2002) suggested a period of 3 days to be suitable for purposes of Q 10 calculation. On the basis of our data set, however, we assume that such a short period does not provide sufficient temperature range, and this may be especially problematic during periods with low diurnal temperature fluctuations. Another question concerns the measure's universality and usability for models. Therefore, we divided the experimental seasons on the basis of A B Figure 9 . Residuals of measured stem CO 2 efflux (E A ) from stem CO 2 efflux (A, E ms ; B, E mp ) for periods characterized in Table 2 . E ms is stem CO 2 efflux modelled using parameters of its relationship to stem temperature over full experimental seasons. E mp is stem CO 2 efflux modelled using parameters of its relationship to stem temperature calculated separately for each period. Boxes represent medians along with 25th and 75th percentiles. Error bars indicate 10th and 90th percentiles.
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We observed a clear seasonal variation in Q 10 , with the lowest values occurring in July and August ( Figure 6 ) and the highest in the last (post-growing) period. Similar results were obtained in studies by Lavigne and Ryan (1997) , Lavigne et al. (1996) and Maier (2001) , who observed lower Q 10 during summer months compared with the post-growing season. Contrary results were reported by, for example, Stockfors and Linder (1998) and Zha et al. (2004) . In the study of Stockfors and Linder (1998) , Q 10 was higher in summer months compared with autumn. Similarly, Zha et al. (2004) determined Q 10 in the growing season to be higher compared with that in the non-growing season, with the highest values occurring in July and August. Q 10 varying across the year but without a clear pattern was observed by, for example, Acosta et al. (2008) and Rodriguez-Calcerrada et al. (2014) .
We assume three possible reasons for the temporal variation of Q 10 observed in our study. The first could be that 1 month is still too long a period for Q 10 calculation. This period does not cover the woody tissue under the same conditions because, for example, stem growth rate is gradually increasing in the first half of the growing season, and so is temperature. This can have the same effect as does calculating Q 10 calculation for the full experimental season, as discussed above. In summer, stem growth rate and temperature are more stabilized; in September, by contrast, they both decline. The second reason may be the temporal variation in the ratio of maintenance and growth respiration. During spring, the contribution of growth respiration increases while in late summer this starts to decrease (Maier 2001 , Lavigne et al. 2004 ). Growth respiration is commonly regarded as being temperature insensitive (Adu-Bredu et al. 1997 , Frantz et al. 2004 , and therefore its higher contribution to total E A in summer could result in lower Q 10 . The different sensitivity of stem maintenance and growth respiration to temperature makes Q 10 determination more difficult. Thus, the separation of these two components and determination of their dynamics would be valuable for quantifying woody tissue CO 2 efflux and improving models of the carbon cycle incorporating this component. The variability of Q 10 during the year also can be affected by temperature itself. According to Atkin and Tjoelker (2003) Q 10 decreases with rising temperature as a result of thermal acclimation of respiration and substrate limitations at high temperature. This fact could contribute to decline in Q 10 in the summer months, when temperature was highest, as observed in our study.
R 10 estimation was affected by the different approach of Q 10 determination. As R 10 calculation is based on the reference temperature of 10°C, the smallest differences between Q 10s and Q 10p were found at this temperature. The differences grew with the increasing interval from the reference temperature, but these differences were also affected by the experimental periods. The smallest differences between Q 10s and Q 10p were in May, because these values were the most similar. On the other hand, Q 10p in July and August was much lower than Q 10s , which resulted in the greatest underestimation of R 10 when calculated using Q 10s compared with those calculated using Q 10p .
Q 10 together with stem temperature and CO 2 efflux normalized for constant temperature are often used to model annual courses of E A (Acosta et al. 2008 , Brito et al. 2010 . As indicated in our study, consideration must be given to the temporal variation in Q 10 and temperature-normalized stem CO 2 efflux, as well as to the period used for calculation of these parameters. For example, overestimation of Q 10 , which was in our study caused by a data set covering too long a period, can lead to underestimation of R 10 when temperature exceeds the reference temperature and overestimation when temperature is below the reference temperature (Figure 7) . No single value of temperature-normalized stem CO 2 efflux can represent the entire year, because respiratory demands are higher during stem growth. Unlike the aforementioned studies (e.g., Acosta et al. 2008 , Harris et al. 2008 , Brito et al. 2010 ), Oleson and Lawrence (2013) , for instance, consider maintenance respiration and growth respiration separately in their model. According to the mature tissue method (Amthor 1989) , maintenance respiration at a constant temperature is constant throughout the year and can be determined according to the relationship expressed by Eq. (5) presented above (Ryan 1990 , Lavigne et al. 1996 , Maier 2001 . Growth respiration is then the difference between the maintenance respiration and total stem respiration, and it corresponds to stem growth processes (Hayashida 2001 , Maier 2001 .
This explains our results from the modelled E A on the basis of its exponential relationship to temperature. Stem CO 2 efflux modelled from equations delivered separately for each period was in better agreement with measured E A than that modelled using a single equation for the full growing season. The main reason for this was that the single equation resulted in underestimation of the modelled E A (especially in June and July) characterized by intensive stem growth processes.
Conclusions
This study demonstrates there to be an effect of data set length on calculated Q 10 values for stem CO 2 efflux and their temporal variation. These are the main conclusions to take away from this study. Q 10 parameters calculated from whole-growing-season data were significantly higher than were Q 10 values calculated for shorter periods determined on the basis of stem growth rate. Q 10 was lowest in summer months. In comparison with temperature-normalized stem CO 2 efflux (R 10 ) calculated using Q 10 from shorter periods, R 10 determined using Q 10 from whole-growing-season data was overestimated when temperature was below and underestimated when temperature was above the reference temperature. A temperaturebased model of stem CO 2 efflux using parameters Q 10 and R 10 was applied. It overestimated measured values in May and September while underestimating these in the summer months when based on the parameters from whole-growing-season data.
When based on parameters from shorter-periods data, the deviation from measured data was smaller and without any pattern.
The results of our study confirm that long periods for determining temperature dependence of stem CO 2 efflux involve differences in the status of the wood (especially stem growth rate). This may cause bias in models utilizing this relationship for estimating stem CO 2 efflux as a function of temperature.
